The gene encoding GRP78 has been shown to be constitutively expressed in many cell types and is inducible by the calcium ionophore A23187. To understand the regulation of GRP78 transcription, we analyzed the components that control its basal-level expression. By transfecting deletions into cells, we have identified a 54-nucleotide cis-acting regulatory element important for high basal-level expression and a contiguous 50-nucleotide element for both basal-level expression and A23187 induction. Using DNase footprinting assays with both rat and human GRP78 promoters, we demonstrated that the protein factors present in the HeLa cell nuclear extracts bind to the regulatory regions identified by the deletion studies. This domain contains a palindromic sequence and is highly conserved among GRP genes in Caenorhabditis elegans, chicks, rats, and humans.
A set of stress-inducible proteins known as the glucoseregulated proteins (GRPs) are constitutively expressed in mammalian cells. When the cells are deprived of glucose or treated with reagents that inhibit protein glycosylation, perturb intracellular calcium stores, or denature proteins, the synthesis of the GRPs is rapidly increased (11) . The major GRP in mammalian cells has a molecular mass of about 78,000 daltons and is localized within the endoplasmic reticulum (ER) (18, 25a) . This protein, generally referred to as GRP78, shares about 60%o sequence homology with the 70,000-dalton heat-shock protein (HSP70) and is thought to have a function analogous to that of HSP70 but within the ER (18) . By immunoprecipitation and comparisons of peptide maps and amino-terminal sequences, GRP78 was found to be identical to the immunoglobulin-binding protein referred to as BiP (1, 4, 15) . In lymphoid and fibroblast cells, GRP78-BiP has been shown to bind to immature immunoglobulin and aberrant proteins (1, 18) . Recently, the sequence of the 3,215-dalton steroidogenesis activator polypeptide isolated from a rat cell tumor has been reported (17) . Strikingly, this 30-residue peptide, which has the ability to facilitate cholesterol side-chain cleavage to pregenolone, is identical, except for two residues, with the last 30 amino acids of the GRP78 carboxyl terminus as predicted from the DNA sequence of the rat GRP78 gene (15, 23) .
The gene encoding GRP78 has recently been isolated from a human genomic library (22a) . Both the rat and the human GRP78 genes are split into eight exons and contain a signal sequence which targets GRP78 into the ER (22a, 25a) . The expression of the GRP genes is regulated at the transcriptional level (9, 10, 13, 19) . Thus, when the cells are treated with potent inducers such as the calcium ionophore A23187, 3 -mercaptoethanol, or tunicamycin, the transcription of the GRP78 gene is increased 10-to 25-fold within 5 h (3, 9, 19) . The GRP78 promoter is highly active, and a 291-nucleotide (nt) fragment from the promoter region functions as an * Corresponding author.
enhancer when fused to other cellular promoters (12) . This region of the GRP78 promoter is G+C rich and contains several CCAAT sequences and extensive arrays of tandem and inverted repeat motifs characteristic of other cellular and viral enhancers (6) . In addition, this 291-nt fragment, when placed upstream of a heterologous gene, can confer inducibility by calcium ionophore (12) .
GRP78 transcript levels in HeLa cells. To facilitate the search for cellular factors which interact with the DNA regulatory domain, we utilized the HeLa cell system, which can be grown in suspension to provide high yields of cellular extracts. We have shown previously that GRP78 transcripts can be detected in a variety of mammalian cell lines (20) . Since the focus of this study was on the utilization of the human HeLa S3 cell line as a source of functional protein extracts, we first investigated the expression of the endogenous GRP78 gene in these cells. GRP78 mRNA was detectable in noninduced HeLa cells grown in suspension cultures (Fig. 1) . When the cells were further treated with 0.5 or 2 ,uM of the calcium ionophore A23187 or were grown continuously in the culture medium without a medium change, the endogenous GRP78 transcript levels were further increased (Fig. 1 ). These results demonstrate that the GRP78 gene is constitutively expressed in HeLa cells to provide a basal level of GRP78 transcripts. Furthermore, A23187 is capable of eliciting a strong stress response in the HeLa cells. However, A23187 is relatively toxic to HeLa S3 cells compared with fibroblast cell lines from hamster, rat and mouse. The optimum conditions for the induction of the GRP78 gene in HeLa S3 cells are 2 ,uM A23187 and an incubation period not longer than 6 h. Higher concentrations of A23187 or longer incubation periods or both result in substantial cell death (unpublished results).
Transcriptional activities of rat GRP78 promoter-deletion mutants in human cells. It has been shown previously that a 291-nt Smal-StuI fragment upstream of the TATA element of the rat GRP78 promoter is important for both high basal level and A23187 induction of the reporter gene after transfection . For control and calcium ionophore (A23187) treatment, cells were placed in fresh medium 8 h before cytoplasmic RNA extraction; for calcium ionophore treatment, cells were incubated for 5 h with the ionophore before RNA extraction; and for the medium starvation condition, the cells were kept in the original medium and incubated for an additional 24 h before RNA extraction. The cytoplasmic RNA samples (5 ,ug) were electrophoresed on a formaldehyde denaturing gel, trans-blotted onto a nitrocellulose filter, and hybridized with radiolabeled hamster GRP78 cDNA plasmid p3C5 (23a) as described previously (10, 20) . The arrow indicates the position of the 2.7-kilobase GRP78 transcript.
into hamster fibroblast K12 cells (2, 12) . The sequence of this region and the proximal promoter sequences are shown in Fig. 2A . To delineate further the functional domains within this region, a series of 5'-deletion mutants were constructed and their deletion endpoints were determined by DNA sequencing. To test the functionality of these deleted 5'-flanking sequences, they were fused upstream to the bacterial chloramphenicol acetyltransferase (CAT) transcriptional unit (Fig. 2B ). These 5'-deletion plasmids were transfected into HeLa, HepG2, and K12 cells. The cells were transfected with 3 or 5 ,ug of cesium chloride gradient-purified plasmid DNA with 5 or 7 F.g of high-molecular-weight carrier HeLa DNA. The transfection conditions and the assay of CAT activity were performed as described previously (16, A.
B. 19, 24) . The promoter strengths of the deletion mutants were determined by the CAT enzymatic activities under noninduced and A23187-induced conditions (Table 1 ). In these transient transfection experiments, we failed to detect CAT activities in the HeLa cells transfected with the CAT plasmids, probably due to the low transfection efficiency of the HeLa cells used. However, our results with the human HepG2 and hamster K12 cells consistently showed that between deletions -208 and -154, a fivefold reduction in the basal level of expression was observed, suggesting that this 54-nt domain contains important cis-acting regulatory elements for high basal-level expression. When the promoter is deleted to -130, the basal level was further reduced and the 2.5-to 8-fold induction by A23187 observed in pGRP78 (-154)CAT was reduced by one-half. In the deletion mutants pGRP78(-104)CAT and pGRP78(-85)CAT, only minimal activities were detected. While these activities were higher than the promoterless plasmid pSVOCAT, the basal level was further reduced and A23187-induced expression was eliminated. This implies that the 50-nt domain between deletions -154 and -104 contains important DNA elements for both basal level and A23187 induction.
The results). To define the binding sites of these factors within the rat GRP78 promoter, the subfragment spanning -195 to -88 was end labeled, mixed with HeLa nuclear extracts, and subjected to DNase I digestion. Binding reaction mixtures (20 RI) contained 10 mM Tris-hydrochloride (pH 7.5), 50 mM NaCl, 10 mM P-mercaptoethanol, 1 mM EDTA, 4% glycerol, 2 mM MgCl2, 1 ,ug poly(dI-dC), and 0.4 to 1 ng of end-labeled DNA. After 20 min of incubation at room temperature, 20 ,ul of 5 mM CaCl2-1 mM EDTA was added; freshly prepared DNase I was added, and the mixture was incubated for 60 s at room temperature. To terminate the nuclease reaction, 50 ,ul of buffer (200 mM NaCl, 20 mM EDTA, 1% sodium dodecyl sulfate, 250 ,ug of tRNA per ml) was added. Samples were deproteinized by phenol-chloroform extraction, and the DNA was ethanol precipitated, Binding of protein factors to the human GRP78 promoter. We have previously shown that the rat and the human GRP78 promoter sequences are highly conserved (22a). The 170 nt proximal to the TATA sequence in the human GRP78 promoter have been identified as important for basal-level expression and inducibility by A23187 (22a). Sequences further upstream enhance the basal-level expression by twofold. Therefore, it is of interest to determine whether the human GRP78 promoter interacts with protein factors from HeLa cells in a similar pattern as the rat promoter. For this purpose, a human GRP78 promoter subfragment spanning from -170 to +53 of the promoter was end labeled at either its coding or noncoding strand, mixed with the HeLa extracts, and subjected to DNase I digestion as described above. The results indicate that regions spanning residues -101 to -160 are protected in the coding strand (Fig. 4 , A' box) and residues -103 to -155 are protected in the noncoding strand (Fig. 4, B' box) . The A' and B' sequences from the human GRP78 promoter are similar to the A and B sequences of the rat GRP78 promoter. Another region more proximal to the TATA element also exhibited some protection in both strands at high DNase I concentration. This region was not detected in the rat GRP 78 promoter shown in Fig. 3 , since the rat DNA fragment used for the footprint analysis was shorter than the human fragment. In other experiments in which a longer rat promoter fragment was used, the same region was protected (T. Nakaki and A. S. Lee, unpublished results).
Comparison of rat and human GRP78 promoter regions that bind to cellular factors. The sequences of the rat and Rat GRP78 promoter human GRP78 promoters binding to proteins are summarized in Fig. 5 . Generally, the same region protected by DNase I digestion in the rat promoter is also protected in the human promoter. This is particularly evident in the case of the noncoding strand, where one end point of protection is identical and the other end is similar. The human promoter exhibits a footprint on its coding strand which directly overlaps that of its noncoding strand. However, the footprint (Fig. 4, A box) of the coding strand of the rat promoter is longer than the noncoding footprint (Fig. 4, B Box) by about 10 to 20 nt. These subtle differences may be related to the DNA sequence divergence of the two promoters. However, the sequences at the protection boundaries are identical for the coding strands of the two promoters. Most importantly, the protected domains coincide with the region shown to be critical for in vivo expression of the GRP78 gene. Within this region, a palindromic sequence and three pairs of short direct repeats are present.
The GRP78 regulatory domain is highly conserved. The above in vivo deletion and the footprint protection results both point to a small domain within the rat GRP78 promoter that interacts with proteins from HeLa nuclear extracts. The availability of sequence data from several GRP genes allowed us to compare their sequences for possible common consensus (Fig. 5) . While the rat and human GRP78 genes are highly conserved over a 200-nt region of the two promoters (22a), the GRP78 promoter sequence from Caenorhabditis elegans is very divergent from the mammalian sequence (M. Heschl and D. Baillie, submitted for publication). However, there is one region within the C. elegans promoter which has 19 out of 23 nt matched with the rat sequence. As shown in Fig. 5 , this region resides within the critical domain for high basal-level expression defined by our analysis. On AGGCCGCTTCGA--AT-CGGCAGCGGCCA-GCTTGGT hLwnan GRP78 GGGCCGCTTCGA--AT-CGGCGGCGGCCA-GCTTGGT the other hand, GRP94, which is expressed at a lower basal level than GRP78 but is inducible by A23187, has 18 out of 23 nt matched with the rat and human GRP78 promoters within the region important for A23187 induction (22a). These two domains are also the same domain (Fig. 3, B box) detected by our footprint analysis. The strict conservation of these short domains within such phylogenetically diverse species as worms, chicks, rats, and humans strongly implies that they have a functional significance in the regulation of GRP gene expression.
The GRP78 gene system represents a unique model for the study of the regulation of genes encoding ER-localized proteins. Most interestingly, GRP78 transcriptional activity appears to correlate directly with the amount of ER activity or ER damage in a variety of cell types, bringing up the question of how the state of another organelle, such as the ER, can regulate a gene in the nucleus. Clearly, intermediate molecules must exist and traverse the membranes to communicate the signal to the GRP gene system. Since the ER membranes are associated with the perinuclear membranes, traffic between the two organelles can be envisioned.
By 5'-deletion analysis, we show here that a 100-nt sequence within this region is critical for both high basal and A23187-induced expression. This same DNA segment is highly conserved among the GRP genes and is protected by cellular factors in DNase protection assays. If the footprinted domain represents the core for the binding activities of cellular factors that regulate GRP78 gene expression, this region may represent binding sites for a novel class of transcriptional factors that have not yet been described. By sequence analysis, it is devoid of recognition sites for characterized transcriptional factors such as Spl, CTF, AP1, AP2, and TFIID (5). Since this region contains a pair of inverted repeats which basically results in the same sequence independent of orientation, it may explain the orientation-independent characteristics of the DNA enhancer element contained within the GRP78 promoter.
Although GRP78 shares partial sequence homology with members of the 70,000-dalton heat shock protein family and may share the properties of binding to abnormal proteins under stressful conditions, the regulation of GRP78 expression is distinct from that of HSP70 in many ways. First, the transcriptional activation of the GRP78 gene is sensitive to the protein synthesis inhibitor cycloheximide (8, 20) , whereas the induction of the heat-inducible HSP70 gene does not require de novo protein synthesis. In fact, it has been demonstrated that the heat shock regulatory factor can bind to the heat shock element in the presence of cycloheximide (26) . In addition, the most potent inducers of GRP78 expression, such as calcium ionophores and 3-mercaptoethanol, do not affect HSP70 expression (7, 9, 25) . Therefore, whatever is the mechanism of induction of GRP78, it is likely to be different from that of the HSP70 gene and probably involves multiple steps (7, 11, 25) . The identification of the trans-acting factors which regulate the expression of the GRP78 gene holds the key to uncovering the intermediate steps whereby a signal from the ER can be transmitted to the nucleus to enhance GRP78 transcription. 
